To describe the synthesis and characteristics of a new streptavidin-based universal detection reagent which is multiply labeled with the europium chelate of 4,7-bis(chlorosulfophenyl)-1,10-phenanthroline-2,9-dicarboxylic-acid (BCPDA). Methods and results: Polyvinylamine (PVA) was first labeled with biotin(b) and then with BCPDA to create (b) x -PVA-(BCPDA) y . By mixing controlled amounts of this complex with streptavidin (SA) and a fixed amount of Eu 3ϩ , we were able to produce the conjugate (SA) z -(b) x -PVA(BCPDA) y -Eu 3ϩ . This conjugate is reactive, highly fluorescent, and stable for at least 12 months. It was used to develop model solid-phase time-resolved fluoroimmunoassays for biotinylated mouse IgG and prostate spesific antigen (PSA). Detection limits achieved were around 1 to 2 ng/L (ϳ3ϫ10 Ϫ18 moles/ assay). Conclusions: A new universal detection reagent was synthesized, which can be used in combination with biotinylated reagents (e.g., antibodies, DNA probes, etc.) for the development of highly sensitive solid-phase time-resolved fluorescence-based assays.
Introduction

C
onventional fluorescein and rhodamine derivatives have been used in the past as immunological labels with a maximum attainable sensitivity of ϳ10 Ϫ9 -10 Ϫ10 M (1). Scattering interferences are aggrevated by the small Stokes shifts (24 -50 nm) of conventional fluorophores. In addition, the inner filter effect as well as the background fluorescence signals from biological samples, cuvettes, solvents, optics, etc. usually arise between 350 and 600 nm, and overlap extensively with the emission spectra of many of these fluorophores (2) .
Fluorescent europium chelates exhibit large Stokes shifts (ϳ290 nm) with no overlap between the excitation and emission spectra. These chelates have very narrow emission bands (10-nm bandwidth) at 615 nm, which do not overlap with serum native fluorescence. In addition, their long fluorescence lifetimes (600 -1000 s) allow use of microsecond time-resolved fluorescence measurements, which further reduce the observed background signals (2) (3) (4) (5) .
Time-resolved fluoroimmunoassays (TR-FIA) using europium and other lanthanide complexes as fluorescent labels have attracted wide interest (2) (3) (4) (5) (6) (7) (8) . A Eu 3ϩ chelator, 4,7-bis(chlorosulfophenyl)-1,10-phenanthroline-2,9-dicarboxylic acid (BCPDA) has been synthesized and extensively used (4, 9) . Another Eu 3ϩ chelator, 4,4Ј-bis(1Љ,1Љ, 1Љ,2Љ,2Љ,3Љ,3Љ-heptafluoro-4Љ,6Љ-hexanedion-6Љ-yl)chlorosulfo-o-terphenyl (BHHCT) was recently reported (6) .
In this article, we describe the synthesis of a streptavidin-based universal detection reagent that is suitable for highly sensitive, solid-phase timeresolved fluorometric applications. This reagent is superior in sensitivity to conjugates reported previously (10) and, in addition, is stable on storage and can be prepared with a simple and reproducible procedure. This new detection reagent may have diverse applications in immunoassays, DNA-based assays, cell analysis and microarrays.
Experimental section
MATERIALS
The Eu 3ϩ chelator 4,7-bis(chlorosulfophenyl)-1,10-phenanthroline-2,9-dicarboxylic acid (BCPDA) was synthesized as described previously (9) . Affinity purified streptavidin (SA) was purchased from Sigma Chemical Company (St. Louis, MO, USA). Sulfosuccinimidyl 6-(biotinamido) hexanoate(Sulfo-NHS-LC-LC-Biotin) was obtained from Pierce Chemical Company (Rockford, IL, USA). Polyvinylamine hydrocloride was obtained from Chemical Dynamics Corp. (South Plainfied, NJ, USA); the average molecular weight of PVA was ϳ100,000 (molecular weight distribution 50,000 -150,000). Only a single lot of this reagent was available. For this reason, lot-to-lot variation was not examined. All other chemicals used were from Sigma unless otherwise stated. Microfluor, white, opaque 96-well microtiter plates were purchased from Greiner Labortechnik (Germany).
INSTRUMENTATION
For measurement of solid-phase fluorescence, the CyberFluor 615 immunoanalyzer, a time-resolved fluorometer with a nitrogen laser as the excitation source was used (MDS Nordion, Kanata, Ontario, Canada). This instrument is capable of measuring fluorescence at the bottom of white microtitration wells with a total measurement time of 1 seconds/ well. Selected measurements were further performed on the instrument 'Analyst' by LJL Biosystems (Sunnyvale, CA, USA). Because the data obtained were identital with the two instruments, only measurements with the CyberFluor 615 immunoanalyzer will be presented here. UV-absorption spectra were recorded on a HP Model 8450A diode array spectrophotometer (Hewlett-Packard Canada, Ontario, Canada). High performance liquid chromatography (HPLC) was carried out using a BioSil TSK-250 size exclusion column from Bio-Rad Laboratories (Richmond, CA, USA) on a Waters HPLC system (Millipore Canada, Mississauga, Ontario, Canada).
PREPARATION OF BIOTIN-PVA-BCPDA COMPLEX
We prepared a 10 mg/mL stock solution of polyvinylamine hydrochloride (PVA) in a 0.5M carbonate buffer, pH 9.1. In 200 L (2mg; ϳ 20 nmol) of the PVA solution we then added 200 g (ϳ300 nmol) of NHS-LC-LC biotin dissolved in 20 L of carbonate buffer and incubated at room temperature for 1 hour [molar ratio of PVA: biotin -1:15]. We then added more 0.5M carbonate buffer, pH 9.1, to adjust volume to 1 mL. Solid BCPDA was pulverized to a fine powder. To the PVA solution, we added 5 mg of solid BCPDA and incubated at room temperature with vigorous shaking. We repeated this step another three times (total amount of BCPDA added was 20 mg or ϳ40 mol). Once the solution clarified (ϳ3-4 h total incubation time), it was transferred to dialysis tubing (molecular weight cutoff ϳ12,000) and dialyzed in 5 L of 0.1-M NaH CO 3 solution overnight. Dialysis was repeated at least another two times to remove as much as possible of non-reacted biotin and BCPDA.
PURIFICATION OF BIOTINYLATED AND BCPDA-LABELED PVA BY HPLC
In order to remove quantitatively loosely bound BCPDA, we used gel filtration HPLC. The dialyzed preparation was concentrated by centrifugation to 0.3-0.5 mL using Amicon microconcentration units (M.W. 30,000 cutoff). The HPLC was run isocratically at a flow rate of 0.8 mL/min, with a mobile phase of 0.05M Tris buffer, pH 7.70. Absorbance was monitored at 325 nm (absorption maximum of BCPDA). We used a silica-based TSK-250 gel filtration column. After injecting the whole conjugate, we collected and pooled the fractions containing biotinylated PVA-BCPDA (fractions 11-15; ϳ4 mL). These fractions were identified by the specific absorbance of BCPDA and by using an assay that specifically measures biotinylated PVA-BCPDA. This assay used streptavidin-coated microtiter plates. HPLC fractions (10L of each plus 90 L H 2 O) were added to the plate, incubated for 30 min and then washed. We then added a 10 Ϫ5 M EuCl 3 solution in Tris buffer for 10 min, washed and dried the plate. Fluorescence was then measured in a time-resolved mode on the CyberFluor 615 Immunoanalyzer. With this assay, only biotinylated-PVA-BCPDA is quantified. Non-biotinylated moieties will not be captured while biotinylated moieties not containing BCPDA will be captured but will not fluoresce in the presence of Eu 3ϩ . Using absorbance measurements, we calculated that labeled PVA contains approximately 50 -100 BCPDA molecules per molecule of PVA (the extinction coefficient of BCPDA is 1.52 ϫ 10 4 mol Ϫ1 L.cm Ϫ1 at 325 nm). In subsequent steps, we will refer to this reagent as the (b) x -PVA-(BCPDA) y complex.
Our aim was to produce active streptavidin conjugates of biotinylated PVA-(BCPDA) y . We took advantage of the multiple binding sites of SA for biotin and performed this conjugation by simply mixing a controlled amount of streptavidin with an appropriate amount of (b) x -PVA-BCPDA) y and Eu 3ϩ . A typical protocol is as follows: 1 mL of a 60 g/L bovine serum albumin solution in 0.1 M Tris buffer, pH 7.80, containing EuCl 3 , 10 Ϫ5 M, plus 10 L of a 1 mg/mL solution of streptavidin in water plus 40 -55 L of the (b) x -PVA-(BCPDA) y conjugate, prepared as described above. The exact amount of the conjugate must be determined by titration (see results section) using a model solid-phase immunoassay as an indicator (see below). The mixture is then incubated for 1 h at 55°C and is ready for use (se below). If stored at 4°C, this conjugate is stable for at least 12 months, verified by performing solid phase immunoassays without any loss of sensitivity.
SCORILAS AND DIAMANDIS EVALUATION OF CONJUGATE'S REACTIVITY
Microtiter plates were coated overnight with varying amounts of biotinylated mouse IgG (0, 0.5, 5, and 50 ng/well; 100 L/well) after dilution in a 0.05 M Tris buffer, pH 7.80. After washing, we added 100 L of the (SA) z -(b) x -PVA-(BCPDA)
IMMUNOASSAY FOR PROSTATE SPECIFIC ANTIGEN
An ELISA-type sandwich PSA assay comprised of two PSA monoclonal antibodies was used. The capture antibody (coded 8301; Diagnostic Systems Laboratories, Houston, TX, USA) was immobilized onto polystyrene microtitration wells at a concentration of 0.5 mg/100 L per well in 50 mM Tris buffer (pH 7.8). This incubation was performed overnight at room temperature. The wells were washed six times with wash solution (150 mM NaCl, 50 mM Tris, 1 mM NaN 3 , 0.05% Tween 20) following coating and all other incubations. PSA calibrators consisted of PSA purified from seminal plasma (a gift from Dr. Thomas Stamey, Stanford University, CA) in a bovine serum albumin (BSA) diluent (50 mM Tris, pH 7.8, containing 60 g/L BSA). The PSA calibrators were diluted to concentrations of 0, 1, 5, 20, 100, 500, 2000, and 10,000 ng/L. The 100 L of each calibrator were pipetted with 50 L of biotinylated PSA detection monoclonal antibody (coded 8311; Diagnostic Systems Laboratories) diluted 1000-fold in assay buffer (50 mmol/L Tris, pH 7.8, 100 mL/L goat serum, 60 g/L BSA, 50 mL/L mouse serum, 10 g/L bovine immunoglobulins, 5g/L Tween 20, 500 mmol/L KCl) and incubated with shaking at room temperature for 1 h. The wells were washed six times and 100 L of tenfold diluted (SA) z -(b) x -PVA-(BCPDA) y -Eu 3ϩ conjugate were added and incubated at RT for 25 min. Following six times washing and drying with a stream of cold air, the resulting fluorescence was measured on a Cyberfluor 615 Immunoanalyzer.
Results
We succeeded in developing a conjugate of streptavidin indirectly labeled with the europium chelate of BCPDA. BCPDA is covalently bound to PVA and it is linked to streptavidin via biotin interaction. The complex successfully recognizes and binds other biotinylated antibodies. In Figure 1 we present a chromatogram showing purification of the (b) x -PVA-(BCPDA) y complex from unreacted BCPDA, by using HPLC. This conjugate was further recognized by binding to streptavidin-coated microtiter plates, as described in the Methods section. The conjugate (b) x -PVA-(BCPDA) y was further linked to SA, to produce the final reagent, (SA) z -(b) x -PVA-(BCP-DA) y . The critical step in the preparation of this conjugate is the ratio of SA to (b) x -PVA-(BCPDA) y . If the latter reagent is in excess, the streptavidin will be present in less than optimal concentration and, the sensitivity of the reagent will not be optimal. The best ratio of SA and (b) x -PVA-(BCPDA) y must be found empirically by titration, as shown in Figure  2 . In this experiment, the streptavidin amount was kept constant and the amount of the conjugate was varied. In the example of Figure 2 , optimal volume of conjugate was 49 L. More dilute or more concentrated solutions of the reagent can be easily prepared by simply adjusting the amount of the added reagents.
We have optimized the preparation of this reagent in terms of the following (data not shown): use of other biotinylation reagents (NHS-LC-biotin, NHSpolyethylene glycol-biotin), amount of biotinylation reagent, amount of BCPDA, mode of addition of BCPDA (solid vs. solution), various incubation times, type of BCPDA carrier (we tried a number of protein molecules in addition to PVA), temperature of conjugate formation (room temperature to 65°C with 5°C steps), amount of Eu 3ϩ and type of diluent with or without Eu 3ϩ .
In Figure 3 , we show the sensitivity and linearity of measuring solid phase-immobilized biotinylated POLYVINYLAMINE STREPTAVIDIN COMPLEXES LABELED WITH A EUROPIUM CHELATOR mouse IgG. At the level of 500 pg/assay (ϳ3 fmol/ assay), the signal to background ratio of fluorescence is about 100-fold. The detection limit is ϳ10 pg/assay and linearity is excellent. Detection limit was defined as the amount of analyte that could be distinguished from the background signal with 95% confidence (background signal plus two standard deviations).
The principle of the PSA assay used is shown in Figure 4 . As shown in Figure 5 , we could detect about 1 ng/L of PSA (100 fg/assay; equivalent to 3 ϫ 10 Ϫ18 moles of PSA). Linearity extends over four decades of PSA concentration (1 to 10,000 ng/L). Precision was Ͻ 10% at PSA concentrations between 5-10,000 ng/L (ten replicates per concentration) and was 27% at a PSA concentration of 1 ng/L. When we compared this assay with assays using either enzymatically amplified time-resolved fluorometry (8, 11) or enzymatically triggered chemiluminescence with dioxetane substrates (12,13) (same reagents and conditions), we obtained comparable results (similar signal to noise ratios and detection limits) but linearity was extended by one decade with the present method.
Discussion
T he favorable properties of lanthanide chelates for time-resolved immunofluorometric assays have been previously reviewed (2) (3) (4) (5) 14, 15) . Lan- We have previously shown that fluorescent lanthanide chelates are free of quenching when multiple labeling is used (10) . We have taken advantage of this principle to devise macromolecular complexes multiply-labeled with lanthanide chelates for timeresolved immunofluorometric analysis. Although we were able to achieve picogram/milliliter sensitivities in model immunological assays, the major disadvantages with the previously described macromolecular complexes were their difficult preparation, their relative instability, and their very large molecular weight (bovine thyroglobulin was used as a carrier in these applications). The new complexes described here have the advantage of approximately threefold higher sensitivity, lower molecular weight (polyvinylamine has a molecular weight six times lower than that of bovine thyroglobulin while maintaining a higher density of potentially-labeled amino groups), less expensive, and ease of preparation by a simple reagent mixing step. The preformed complexes are stable over time and they are suitable for immunological assays using biotinylated antibodies as auxiliary reagents. For comparison of this reagent with the previously described reagent, please see Morton and Diamandis (10) . We anticipate that the same complexes may have applications in nucleic acid hybridization assays but we did not test these assays.
We have previously described highly sensitive detection technologies based on enzymatically amplified time-resolved fluorescence using terbium chelates as labels (8) . Furthermore, enzymaticallytriggered chemiluminescence is among the most sensitive detection techniques (16 -18) . When we compared our new reagents with these competing technologies in the same immunological assay for PSA, we found that all three methods afford similar detection limits. An advantage of the newly developed reagent is the ability to measure fluorescence directly from the solid phase. This may facilitate other applications including: (a) multi-analyte immunoassays based on spatially distributed immunodots (19) ; (b) microarray applications whereby the fluorescent spots can be scanned with laser excitation (20 -22) ; (c) flow cytometry for detecting labeled cells; and (d) high throughput screening applications on high density microtiter plates or filters. Such applications are now under consideration.
Recently, other investigators succeeded in developing Eu 3ϩ fluorescent chelators that are also suitable, like BCPDA, to solid-phase time-resolved immunofluorometry (6, (23) (24) (25) . Others have devised successful homogenous time-resolved fluorometric immunoassays suitable for clinical applications (26, 27) .
In conclusion, we describe here the development of a streptavidin-based detection reagent that can afford high sensitivity of detection and at the same time, is suitable for solid-phase fluorometric measurements. The reagent could find diverse applications in immunological, molecular, and cell-based assays and in high-throughput screening and microarrays.
